Introduction
============

In females, breast cancer is the most frequently diagnosed malignancy and one of the main causes of cancer death,[@b1-bctt-7-099] with survival rates much lower in patients with metastatic cancer.[@b2-bctt-7-099] Metastasis, the process whereby cancer cells travel to and colonize distant sites through the lymphatic system or bloodstream, can signal a poor prognosis in patients. The metastatic cascade involves many complex cellular interactions and pathways. Invasion is the initial critical step in metastasis and describes changes in cell adhesion, degradation of the cell surroundings, and importantly, the motility acquired by the tumor cell that confers a migratory phenotype and allows the cell to travel through tissues.[@b3-bctt-7-099] Briefly, the cellular processes that occur in a motile cell include polarization and extensions of actin-based protrusions, such as thin, finger-like filopodia and broader, sheet-like lamellipodia, in the direction of migration ([Figure 1A](#f1-bctt-7-099){ref-type="fig"}). Adhesions between the actin cytoskeleton of a migrating cell and the extracellular matrix (ECM) or neighboring cells stabilize protrusions and form traction sites to allow the cell to move over them.[@b4-bctt-7-099] Specialized actin-rich protrusions, such as invadopodia, can also be formed by cancer cells, allowing them to degrade the ECM and invade into the surroundings.[@b5-bctt-7-099] Formation of the protrusions at the leading edges of the migrating cell is controlled by actin polymerization and regulators of the actin cytoskeleton.[@b6-bctt-7-099],[@b7-bctt-7-099] The Rho GTPase protein family members, Rho, Rac, and Cdc42 in particular, play a key role in coordinating the processes involved in cell migration and invasion through the control of actin dynamics.[@b8-bctt-7-099] The Wiskott--Aldrich syndrome (WAS) protein (WASP) and WASP family verprolin-homologous protein (WAVE) family are a group of molecules that form a key link between GTPases and the actin cytoskeleton.[@b9-bctt-7-099] The role of WASP/WAVE family proteins in the control of actin polymerization through activation of the actin-related protein (Arp)2/3 complex is critical in the formation of the actin-based membrane protrusions seen in cell migration and invasion.[@b10-bctt-7-099] For this reason, the activity of the WASP/WAVE family in cancer cell invasion and migration has been of great interest in recent years. This is the main focus of this review, with an emphasis on WASP/WAVE activity in breast cancer cell motility.

WASPs and WAVEs
===============

Discovery
---------

In humans, the WASP/WAVE family is divided into two main subfamilies, ie, the WASP subfamily (referred to as WASPs) and WAVE subfamily (referred to as WAVEs). The first member of the WASPs to be identified was WASP itself, mutations of which were found to be the cause of WAS.[@b11-bctt-7-099] WAS is an X-linked recessive disorder initially described in patients suffering with thrombocytopenia, eczema, and immunodeficiency,[@b12-bctt-7-099] now commonly labeled the clinical triad of WAS symptoms. Patients exhibit varied severity of symptoms, with some suffering the full classic triad of clinical manifestations and often not surviving until adulthood, whereas others demonstrate a milder phenotype and have an improved survival rate.[@b13-bctt-7-099] Different mutations of the WASP gene have been linked to the varied phenotypes of WAS, with evidence that mutations disrupting the activity of the important functional domains lead to more severe phenotypes.[@b14-bctt-7-099],[@b15-bctt-7-099]

Family members
--------------

A molecule identified in the brain, but widely expressed in different tissues, which shares several functional motifs with WASP, was named neural WASP (nWASP) and is the second member of the WASP subfamily.[@b16-bctt-7-099] WAVE1 (also referred to as Scar1, suppressor of cAR1) was first identified in 1998 as a regulator of the actin cytoskeleton through interactions with Arp2/3 downstream of Rac.[@b17-bctt-7-099],[@b18-bctt-7-099] Following identification of WAVE1, two further WAVE homologs, which were also found to associate with the Arp2/3 complex, were characterized and named WAVE2 and WAVE3.[@b19-bctt-7-099] Novel members of the WASP/WAVE family have recently been identified based on the resemblance between characteristic domains in their protein structure. These are WASP and SCAR homolog, WASP homolog associated with actin, membranes, and microtubules, and junction mediating and regulatory protein.[@b20-bctt-7-099]--[@b22-bctt-7-099]

Structure
---------

nWASP shares several multifunctional domains with WASP, including the WASP homology domain, GTPase-binding domain/Cdc42, and Rac interactive binding (GBD/CRIB) domain, a proline-rich region and VCA domain consisting of a verprolin-homology (V) region, a cofilin-like (C) region, and an acidic (A) region ([Figure 1B](#f1-bctt-7-099){ref-type="fig"}, adapted from Takenawa and Suetsugu[@b9-bctt-7-099]). The WAVE family consists of WAVE1, WAVE2, and WAVE3, all of which have a WAVE homology domain but lack the GBD/CRIB domain and, like the WASPs, have a basic region, a proline-rich region, and a VCA domain.[@b23-bctt-7-099] Endogenous WAVEs assemble into a heterologous, multimolecular complex referred to as the WAVE complex. The multiprotein complex associated with WAVE1 was first described as comprising several components, namely, p53-inducible messenger RNA (also called Rac2 associated protein/Sra1), NCK-associated protein, hematopoietic stem/progenitor cell protein 300, and Abl interactor 2.[@b24-bctt-7-099] Complexes consisting of the same proteins, or their paralogs, as described for the WAVE1 complex were later identified for WAVE2 and WAVE3 as well.[@b25-bctt-7-099]--[@b27-bctt-7-099]

Activation of the WASP/WAVE family
----------------------------------

The WASP/WAVE family regulates actin dynamics through interactions with many other factors, in particular, the Arp2/3 complex. Arp2/3 becomes activated when bound to the CA region on the C-terminal of WASP/WAVE proteins and initiates actin polymerization when bound in conjunction with an actin monomer binding to the V region.[@b18-bctt-7-099],[@b23-bctt-7-099],[@b28-bctt-7-099],[@b29-bctt-7-099] This interaction is the most important in terms of WASP function, but many other binding partners regulate WASP and WAVE activation.

Under resting conditions, nWASP and WASP exist in an autoinhibited, folded conformation where an interaction between the GBD domain in the N-terminal region and the C-terminus masks the VCA region. This interaction inhibits access of the Arp2/3 complex to the CA region and so WASP and nWASP remain inactive.[@b30-bctt-7-099],[@b31-bctt-7-099] The competitive binding of ligands such as Rho GTPase, Cdc42, and phosphatidylinositol 4,5-bisphosphate (PIP2) with WASPs can disrupt the interactions between the C-termini and N-termini that mask the VCA region. Cdc42 binds to GBD and PIP2 can interact with the basic region. Either of these interactions can destabilize the autoinhibited conformation of WASPs and enhance the binding of the other ligand, leading to exposure of the VCA region and activation of WASP family proteins.[@b32-bctt-7-099],[@b33-bctt-7-099]

The mechanism of activation of WAVEs has been the subject of debate for many years. It is now clear that the native form of WAVEs, in a multiprotein complex, is inactive with inhibited actin polymerization ability.[@b34-bctt-7-099] This has been confirmed by studies examining the reconstitution of the WAVE complex and purified native WAVE complexes. These independent reports also suggest that WAVEs are inhibited in a similar fashion to WASPs, ie, through masking of the VCA region by interactions in the WAVE complex.[@b35-bctt-7-099],[@b36-bctt-7-099] Since WAVEs do not possess a GBD like WASPs, they do not directly interact with Rho-GTPases; however, they do act as downstream effectors of the Rho-GTPase Rac, as well as other signals.[@b17-bctt-7-099] A conformational change brought about by Rac binding to the Sra component of the WAVE complex seems to release the VCA region.[@b35-bctt-7-099] Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) has also been implicated in the mechanism of activation of WAVEs. It has been shown that PIP3 recruits the WAVE complex to the plasma membrane through binding to the basic domain of WAVE2 and acts in synergy with IRSp53 (also called brain-specific angiogenesis inhibitor 1-associated protein 2) to activate WAVE2 through Rac activity.[@b37-bctt-7-099],[@b38-bctt-7-099] For comprehensive information on the mechanisms of activation of the WASP/WAVE family, see reviews that have covered this in more detail.[@b9-bctt-7-099],[@b39-bctt-7-099]

WASPs, WAVEs, and cell motility
===============================

When members of the WASP/WAVE family are active, the VCA region is exposed, allowing the Arp2/3 complex and an actin monomer to bind to it, leading to nucleation of a new actin filament. Activation of WASP/WAVE family members has been implicated in many biological processes where reorganization of the actin cytoskeleton is required, such as vesicle trafficking, microbial infection, and cell-substrate adhesion (see reviews by Takenawa and Suetsugu[@b9-bctt-7-099] and Takenawa and Miki[@b23-bctt-7-099]). The main focus of this review is their role in the control of cell motility, with a particular focus on cancer cell motility and metastasis.

WASPs, WAVEs, and cell protrusions
----------------------------------

The motility of eukaryotic cells is accomplished by dynamic remodeling of the actin cytoskeleton. Cell motility in two-dimensional environments, such as on culture dishes or over the ECM, is driven by formation of lamellipodia and filopodia at the leading edge. It is traditionally believed that lamellipodia are the key structures that provide the main driving force in two-dimensional cell motility. This was first demonstrated by a simple experiment where a section excised from a fish keratinocyte lamellipodium was seen migrating at a speed similar to that of an intact cell.[@b40-bctt-7-099] Filopodia, although they are not implicated as being the major force behind cell motility, seem to have a role in sensing the environment outside the cell and guide cell migration and forming of adhesions with the ECM.[@b41-bctt-7-099],[@b42-bctt-7-099] The organization of actin filaments is different in the various protrusions that drive cell motility. Actin filaments assemble in a branching network in lamellipodia, whereas in filopodia they form long parallel bundles.[@b43-bctt-7-099] WASP/WAVE family proteins interact with the Arp2/3 complex to induce formation of branched actin networks, where actin filaments are assembled at a 70° angle from the sides of pre-existing filaments, which are the main structures responsible for formation of lamellipodia.[@b44-bctt-7-099]

Although the main mode of cancer cell migration is through three-dimensional matrices, which are discussed later in this review, many advances in our understanding of the mechanics of cell motility and the role of WASP/WAVE family proteins have been as a result of studying features of cells that move in two dimensions. Some of these findings are briefly discussed here.

Initial work investigating the role of WASP/WAVE family proteins in cell motility found that Cdc42 signaling requires nWASP activity in order to form the actin structures seen in filopodia, and WAVE1 activity downstream of Rac is required for formation of lamellipodia.[@b17-bctt-7-099],[@b31-bctt-7-099] However, it is now clear that these studies give a limited understanding of the role of the WASP/WAVE family, as nWASP activity is not essential for the formation of filopodia in response to Cdc42 signaling in fibroblasts.[@b45-bctt-7-099] Moreover, many reports have implicated nWASP in the control of the actin dynamics in lamellipodia through demonstrating nWASP activity localized at the leading edge of lamellipodia in a variety of cell types.[@b46-bctt-7-099]--[@b48-bctt-7-099] However, several studies have also shown that depletion of WASP or nWASP activity does not affect the formation of lamellipodia in several cell types, including mice fibroblasts, HeLa cells, and *Drosophila* S2 cells.[@b49-bctt-7-099]--[@b51-bctt-7-099] Instead, many reports support the idea that members of the WAVE subfamily are key in the control of lamellipodia formation in various cell types.[@b50-bctt-7-099]--[@b53-bctt-7-099] In particular, induced WAVE2 deficiency in mouse endothelial, embryonic fibroblast, melanoma, and macrophage cells resulted in impaired ability of the cells to form lamellipodia and a decrease in cell motility.[@b53-bctt-7-099]--[@b56-bctt-7-099] These findings collectively suggest that the WAVE subfamily, particularly WAVE2, has a more important role in the formation of lamellipodia protrusions and mesenchymal migration, and hence some aspects of cell motility, than the WASP subfamily, but that there is evidence that the contribution of the WASP/WAVE family members to the control of actin dynamics varies in different cell types. Most of these studies analyzing the generation of filopodia and lamellipodia have used cells cultured on rigid two-dimensional substrates which can help us understand the mechanisms involved in cell motility. While formation of these types of cell structures does take place in motile cells in vitro, cells in vivo, and especially cancer cells, generally use different methods of migration as they have to invade through a three-dimensional matrix.[@b57-bctt-7-099] Nevertheless, cancer cells do still utilize actin-based protrusions to allow them to invade through the ECM and migrate during the process of metastasis. The WASP/WAVE family proteins have been shown to be important in the formation of these protrusions, which are more specific to motility in three dimensions and in migration of cancer cells, as well as in two-dimensional motility. Interestingly, a recent report has suggested that the WASP/WAVE family members may have different roles depending on the mode of cellular migration.[@b58-bctt-7-099] This group targeted the WAVE complex using small interfering RNA (siRNA) silencing techniques and found that although it promotes motility in two dimensions, disruption of the WAVE complex promotes cell invasion and enhances focal adhesion kinase activity and nWASP localization at invasive protrusion sites. They also proposed that the WAVE complex and nWASP have opposing roles in three-dimensional epithelial cell invasion and that there may be an interplay between WASP/WAVE family members in the control of various modes of cell motility. Reports that examine the role of the WASP/WAVE family in three-dimensional motility, and in particular the motile behavior of cancer cells, are the main focus of the rest of this review.

WASPs, WAVEs, and cancer cell protrusions
=========================================

Podosomes and invadopodia are specialized membrane-surface structures that have a role in the migration of invasive cells and degradation of the ECM. Podosomes are formed in various cell types, including monocytic cell lineages, smooth muscle cells, and endothelial cells, whereas invadopodia usually refer to protrusions similar in structure and function to podosomes but are found in invasive cancer cells. Invadopodia contain a core of actin filaments, as well as adhesion proteins, proteinases for ECM degradation, and many signaling molecules.[@b5-bctt-7-099],[@b59-bctt-7-099]

nWASP and invadopodia
---------------------

nWASP and the Arp2/3 complex have been implicated in the formation of invadopodia. Using a biosensor, nWASP has been shown to be active at invadopodia in MTLn3 rat mammary adenocarcinoma cells.[@b46-bctt-7-099] nWASP staining has also shown clear localization with invadopodia in these highly metastatic cells, and also other cancer cell types. Furthermore, RNA interference techniques have been used to show that nWASP and some of its interaction partners, in particular the Arp2/3 complex, are crucial for formation of invadopodia. WAVE1 and WAVE2 showed no invadopodium-specific staining and were not shown to be essential for their formation.[@b60-bctt-7-099] Such findings agree with other studies in their conclusion that nWASP is involved in formation of invadopodia in various cell types, including rat fibroblasts and adenocarcinoma cells.[@b61-bctt-7-099],[@b62-bctt-7-099]

More recently, a study has proposed that nWASP-mediated formation of invadopodia is essential in breast cancer invasion, intravasation, and metastasis to the lungs. This research group induced MTLn3 cells to overexpress the dominant negative form of nWASP, which lacks the ability to activate the Arp2/3 complex and so competitively inhibits endogenous nWASP, and reduced nWASP protein expression in these cells by 75% using short-hairpin RNA (shRNA) silencing techniques. Interference with endogenous nWASP activity in these cells significantly reduced formation of invadopodia and their proteolytic activity when cultured on a gelatin matrix.[@b63-bctt-7-099]

Since formation of invadopodia correlates with the invasive capacity of cancer cells, it is clear that the nWASP pathway could be considered a therapeutic target for inhibition of invasion in various cancers, in particular breast cancer, as demonstrated by use of mammary adenocarcinoma cells in the mentioned studies.[@b64-bctt-7-099]

WASPs, WAVEs, and cancer
========================

Following investigation of WASP/WAVE family proteins in control of cellular motility and formation of cellular projections in cancer cells, there has been a large focus on the role of WASP/WAVE family proteins in cancer cells and tissues. Several studies mentioned here have explored WASP/WAVE proteins in various types of cancers.

WAVEs and melanoma
------------------

A study focused on WAVE subfamily activity in invasion and metastasis found higher levels of WAVE1 and WAVE2 protein and Rac activity in highly invasive B16F10 mouse melanoma cells compared with non-metastatic B16 parental cells.[@b55-bctt-7-099] RNA interference techniques were used to silence WAVE1 and WAVE2 in these malignant cells, and membrane ruffling, Rac-induced invasion, motility, and metastasis were found to be suppressed in response to WAVE2 knockdown, whereas WAVE1 knockdown appeared to have little effect on these cellular behaviors. Further, WAVE2 appeared to be concentrated at the edges of the protrusions in migrating cells. Also, this study undertook in vivo studies to examine the effect of WAVE inhibition on metastasis. Cells with suppressed WAVE2 activity, through RNA interference again, suppressed metastasis of B16F10 cells to the lungs when injected intravenously into female C57BL/6 mice, whereas WAVE1 RNA interference did not prevent colonization of the lungs by B16F10 cells. This study suggested that WAVE2 is necessary for motility of B16F10 cells and that WAVE2 suppression may be an effective means to block invasion and metastasis.[@b55-bctt-7-099]

WAVE2 as a prognostic indicator
-------------------------------

The value of using WAVE2 as a prognostic indicator for various cancers has been explored by many studies. WAVE2 expression has been examined in 112 hepatocellular carcinoma tissues through immunohistochemistry, real-time polymerase chain reaction (RT-PCR), and Western blotting experiments to determine if any correlation exists between expression and prognosis. WAVE2 expression was found to be elevated in hepatocellular carcinoma tissues and, importantly, this correlated significantly with a poor prognosis of hepatocellular carcinoma.[@b65-bctt-7-099] Further, coexpression of Arp2 and WAVE2 was studied by immunohistochemical staining on sections of 115 adenocarcinomas of the lung from different classes. Arp2 and WAVE2 were coexpressed in a significantly higher proportion of cancer cells from patients with lymph node metastasis but at a significantly lower level in bronchioloalveolar carcinomas, which have a less malignant character. Arp2 and WAVE2 coexpression was also correlated with a poorer patient outcome, leading to a suggestion that coexpression of Arp2 and WAVE2 may be a phenotype of tumor cells that acquire invasive potential and that they have a role in the mechanism of cancer metastasis.[@b66-bctt-7-099] This finding was supported by another study that examined the spatial expression of Arp2 and WAVE2 using immunohistochemistry in 154 colorectal cancer samples. Both Arp2 and WAVE2 expression was detected in 35.7% of the cancer cells in the cohort but no colocalization was detected in normal colonic epithelial cells. Their comparison of expression levels and patient outcome determined that colocalization of Arp2 and WAVE2 was significantly predictive of liver metastasis in colorectal carcinoma.[@b67-bctt-7-099]

WAVE1 and WAVE3 in prostate cancer
----------------------------------

Fernando et al investigated the expression of WAVE 1 and WAVE3 in prostate cancer cells and their role in metastasis and invasion.[@b68-bctt-7-099],[@b69-bctt-7-099] Immunohistochemical staining of prostate cancer tissue showed that there was higher staining intensity of WAVE1 and WAVE3 compared with normal prostate epithelial cells. Knockdown of WAVE1 and WAVE3 was carried out using hammerhead ribozyme transgenes. These were transfected by electroporation into metastatic prostate cancer cell lines, DU-145 and PC-3, both of which showed high expression levels of WAVE1 and WAVE3 through RT-PCR prior to transfection. In vitro invasion and growth assays were used to study the impact of WAVE1 and WAVE3 knockdown on cell behavior. Loss of endogenous WAVE1 and WAVE3 resulted in a significant reduction in the invasive ability of both prostate cancer cell types. Additionally, in both DU-145 and PC-3 cells, knockdown of WAVE1 and WAVE3 achieved a significant decrease in the growth rate after 120 hours when compared with wild-type cells.[@b68-bctt-7-099],[@b69-bctt-7-099]

An independent group also carried out a study to determine the effect of WAVE3 (labeled WAS protein family member 3 in that study) in prostate cancer metastasis,[@b70-bctt-7-099] which supports many of the findings reported by Fernando et al.[@b68-bctt-7-099] High expression levels of WAVE3 were observed in metastatic PC-3 and DU-145 prostate cancer lines through quantitative RT-PCR, and immunohistochemical analysis of high-grade human prostate cancer demonstrated increased levels of WAVE3 when compared with normal prostate epithelium. Knockdown of WAVE3 was achieved using shRNA methods and a significant decrease in cell motility and invasion in vitro was seen through scratch wounding assays, which were only carried out using the DU-145 cell model, and Matrigel invasion assays. Further, knockdown of WAVE3 expression reduced the soft agar colony-forming ability of prostate cancer cells, suggesting that WAVE3 might also have a role in establishment of tumors. The effect of WAVE3 knockdown on in vivo tumor growth and metastasis of prostate cancer cells was observed by injecting the knockdown models into the flanks of severe combined immunodeficiency disease (SCID) mice. Tumor growth rate and tumor weight following a 3-week period were significantly decreased with less or no evidence of metastasis to the lungs when WAVE3 knockdown DU-145 and PC-3 cells, respectively, were implanted into SCID mice when compared with the control group.[@b70-bctt-7-099] These findings demonstrate that WAVE3 may have a role in promoting motility, invasion and metastasis in prostate cancer cells and that a loss of WAVE3 function affects tumor development, so highlighting the importance of WAVE3 as a research target.

WASPs, WAVEs, and breast cancer
===============================

As described, WASP/WAVE protein activity is not just important in the motility of healthy cells but has also been suggested to have a role in various types of cancer. A large number of studies have focused on breast cancer. Numerous reports have identified WASP/WAVE family members in the control of the motile behavior of breast cancer cells and also as a prognostic indicator of breast cancer progression in patients. Some of the relevant findings are detailed below.

WASP and breast cancer
----------------------

A recent study has identified that WASP has a role in regulating leukocyte-dependent breast cancer metastasis.[@b71-bctt-7-099] This research group built on previous studies showing that the interaction between epidermal growth factor-secreting macrophages and colony-stimulating factor 1-secreting breast cancer carcinoma cells promotes invasion.[@b72-bctt-7-099],[@b73-bctt-7-099] They hypothesized that WASP deficiency may block the interaction between tumor-associated macrophages and breast carcinoma cells, and hence tumor progression toward invasion since chemotaxis of macrophages toward colony-stimulating factor 1 in patients with WAS, who have defective WASP activity, is abolished.[@b74-bctt-7-099] The study showed that in order for macrophages derived from bone marrow and MTLn3 breast cancer carcinoma cells to adopt migratory phenotypes and coinvade a three-dimensional collagen matrix, WASP activity in the macrophages is required. Further, injection of fluorescent MTLn3 cells into the mammary glands of WASP−/− and WASP+/− mice found no difference in initial tumor growth. However, metastasis to the lung was significantly reduced in mice that lacked WASP activity, a finding that was supported by studies in highly metastatic human breast cancer MDA-MB-231 cells and a transgenic model of mammary carcinogenesis. This suggested that leukocyte-restricted WASP expression is required for metastasis of breast tumor cells to the lungs. Overall, this study indicates a role of WASP signaling in motility, invasion, and intravasation, and hence metastasis, of breast cancer tumor cells possibly by regulation of epidermal growth factor shedding from tumor-associated macrophages.[@b71-bctt-7-099]

nWASP and breast cancer
-----------------------

nWASP has been implicated in the progression of mammary tumors by one group of researchers who interfered with endogenous nWASP levels in MTLn3 cells using shRNA techniques. When these cells were injected into the mammary glands of SCID mice and rats, a significant reduction in the number of circulating tumor cells and lung metastases was observed when compared with the controls. Further, in vivo time-lapse images of control and nWASP-deficient GFP-labeled cells in tumors demonstrated that there was a dramatic decrease in motile cells and formation of invadopodium-like protrusions in nWASP-deficient tumors compared with control tumors. This study demonstrates that nWASP activity is involved in proteolytic protrusion formation, and consequently the invasion and metastasis to the lungs of MTLn3 cell tumors.[@b63-bctt-7-099] A further study treated MDA-MB-231 breast cancer cells with the nWASP inhibitor,[@b75-bctt-7-099] wiskostatin, which acts to stabilize the autoinhibited state of nWASP.[@b76-bctt-7-099] A resulting decrease in motility of cells treated with the inhibitor was detected using electric cell-substrate impedance sensing, a method that detects the movement of cells over an electrode in real time. This study suggested that interactions between nWASP and the tight junction component, claudin-5, shown by immunoprecipitation and immunoblotting, may be involved in the motility of cancer cells.[@b75-bctt-7-099]

Interestingly, another study using immunohistochemical and quantitative RT-PCR analysis of human breast tissues has indicated that expression of nWASP in breast tumors is significantly lower than in normal background mammary tissues, and reduced expression of nWASP seems to be associated with a poor prognosis for patients. Significantly lower levels (*P*\<0.05) were seen in patients who developed metastatic disease or died from breast cancer. Further, induced over-expression of nWASP in MDA-MB-231 cells significantly reduced their invasiveness, motility, and growth, but showed a more adhesive phenotype.[@b77-bctt-7-099]

Although these studies suggest an opposing role of nWASP in the control of breast cancer cell motility, they both recognize that nWASP may be related to the behavior of breast cancer cells and progression of tumor formation. The molecular mechanisms responsible for the changes in breast cancer cell motility, invasion, and migration related to nWASP activity are still being explored, but several interaction partners and activators of nWASP have already been implicated, such as Cdc42-interacting protein 4 and focal adhesion kinase, although it should be noted that these can work independently of the nWASP pathway.[@b78-bctt-7-099],[@b79-bctt-7-099]

WAVE2 and breast cancer
-----------------------

The association of WAVEs with breast cancer has been examined in a study of the expression of each family member at the mRNA and protein levels in 122 human breast cancer samples and 32 normal breast tissue samples. The levels of expression were also analyzed for any correlation with pathological and clinical outcome. Differential expression of the WAVE subfamily members in breast cancer tissues was shown in this study, and the main significant finding was that of high levels of WAVE2 in patients who subsequently died of breast cancer within a 10-year follow-up period.[@b80-bctt-7-099]

Several studies have highlighted the potential therapeutic value of targeting the WASP/WAVE family or molecules up/downstream of them in their respective signaling pathways in the inhibition of cancer. Two research groups have recently investigated rhapontigenin and pterostilbene as potential inhibitors of breast cancer cell metastasis that may act through the WAVE2 pathway.[@b81-bctt-7-099],[@b82-bctt-7-099] Both studies showed that application of each treatment can suppress the migratory and invasive activity of MDA-MB-231 cells, which are highly metastatic, though scratch wound healing and Matrigel invasion assays. It was suggested that this effect was due to impairments in the Rac1-WAVE2 pathway, as a reduction in Rac1 activity and also decreased expression of downstream effectors of Rac, such as WAVE2, Arp2, and Arp3, are seen. Further, Kim et al imply that treatment with rhapontigenin acts to inhibit invasive and migratory behavior in breast cancer cells through inhibition of formation of lamellipodia seen by observing morphological changes using immunofluorescence.[@b81-bctt-7-099]

nWASP and WAVE2 in breast cancer cell invasion
----------------------------------------------

A study has observed three-dimensional invasion of MDA-MB-231 cells that infiltrate through membrane pores in response to platelet-derived growth factor signals in a phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)-dependent manner, shown by using PI3K inhibitors. Immunofluorescence staining of these invading cells showed that WAVE2 and nWASP were colocalized with intensive F-actin accumulations at the site of infiltration. Further, diminution of WAVE2 and nWASP using siRNA techniques demonstrated a significant reduction in cell invasion, and accumulation of F-actin was also depleted. These findings suggest that nWASP and WAVE2 have a role in the three-dimension invasion of MDA-MB-231 through small gaps in response to platelet-derived growth factor through reorganization of actin filaments within the cell.[@b83-bctt-7-099]

WAVE3 and breast cancer
-----------------------

Sossey-Alaoui et al identified WAVE3 as a candidate tumor suppressor gene on analysis of a patient with ganglioneuroblastoma in whom a chromosomal translocation causing a truncation of WAVE3 was seen. It was proposed that WAVE3 is important in cell differentiation and motility, considering it is part of the WASP/WAVE family that is involved in reorganization of the actin cytoskeleton, and that loss of WAVE3 activity seemed to be related to tumor formation in some forms of neuroblastoma.[@b84-bctt-7-099] Since this initial proposal, further work by Sossey-Alaoui et al has focused on elucidating the role of WAVE3 in cell motility and cancer metastasis.

It has been indicated that WAVE3 expression correlates with breast cancer progression, as immunohistochemical staining has shown significantly higher levels of WAVE3 in grade III tumors compared with low or no WAVE3 protein levels in normal breast or grade I tumors from human patients.[@b85-bctt-7-099] A separate study has also identified WAVE3 activity as an indicator for some characteristics of breast cancer. WAVE3 expression levels were found to correlate with the invasiveness of MDA-MB-231 and BT-549 breast cancer cell lines compared with the less aggressive MCF7, T47D, and SKBr3 cell lines, shown in a Matrigel invasion assay. Immunohistochemistry and quantitative RT-PCR were also used to detect WAVE3 activity in tumor and blood samples, respectively, taken from breast cancer patients. The findings demonstrated that WAVE3 levels correlate with poor patient outcome in terms of incidence of metastatic disease, aggressiveness of subtype, and patient survival.[@b86-bctt-7-099]

Transient suppression of WAVE3 using siRNA techniques has been shown to impair the motility and invasiveness of MDA-MB-231 human breast cancer cells on Matrigel migration and gap closure assays.[@b87-bctt-7-099] The same researchers also created a stable knockdown of WAVE3 protein expression in MDA-MB-231 cells using shRNA techniques. Suppression of WAVE3 activity was found to reduce the invasive ability of these cells by approximately fivefold on a Matrigel invasion assay. Further, knockdown of WAVE3 appeared to have an inhibitory effect on the metastatic potential of MDA-MB-231 cells. This was shown by the significantly reduced number of lung surface metastases seen after injection of the knockdown cells into the tail veins of SCID mice when compared with control cells. Finally, stable WAVE3 knockdown breast cancer cells were used in an orthotopic xenograft model where they were implanted into the mammary fat pads of female SCID mice. WAVE3-deficient cells were significantly less tumorigenic, with the tumor incidence reduced by 60%--80% compared with controls, and tumors that did develop grew more slowly and were less angiogenic.[@b85-bctt-7-099] A more recent study has implicated WAVE3 in transforming growth factor-β-mediated epithelial to mesenchymal transition and metastasis of breast cancer cells. The highly metastatic murine triple-negative breast cancer cell model, 4T1, showed reduced levels of invasion in a Boyden chamber Matrigel assay when WAVE3 was inactivated through RNA silencing methods. Further, WAVE3 deficiency reduced the outgrowth of 4T1 organoids in three-dimensional cultures measured after 8 days and also reduced the growth and metastasis of triple-negative 4T1 breast cancer cells engrafted into mammary glands or injected in the tails, respectively, of BALB/c mice.[@b88-bctt-7-099]

These studies further highlight the role of WAVE3 in the tumorigenic behavior of breast cancer cells and suggest that measures capable of inactivating WAVE3 may be able to act as a therapy targeted to breast cancer metastasis.

Interestingly, a study carried out by another group has disputed the finding by Sossey-Alaoui that WAVE3 is involved in the invasion of breast cancer cells in a Matrigel assay.[@b90-bctt-7-099] Using RNA interference methods, Spence et al demonstrated that depletion of WAVE3 in MDA-MB-231 cells results in slower migration and larger and less dynamic lamellipodia when observed on a two-dimensional matrix.[@b89-bctt-7-099] However, when invasion into Matrigel was observed in a three-dimensional environment, no difference was seen between WAVE3-deficient cells and controls, so the group suggested that WAVE3 does not have a critical role in driving invasiveness of MDA-MB-231 cells in three-dimensional invasion assays. However, their results did show a preference of WAVE3-deficient cells to invade in clusters of cells, which was speculated to indicate a loss of plasticity in WAVE3-deficient cells, thereby making them less able to change direction and break away from such clusters. No difference was found between WAVE3-deficient cells in MV3 and A375 metastatic melanoma cells.[@b89-bctt-7-099] This study disagrees with the results of a similar study by Sossey-Alaoui et al, who reported that WAVE3 is important for breast cancer cell invasion through a Matrigel matrix.[@b85-bctt-7-099] It has been suggested that the variation in outcomes observed in these similar studies could be due to differences in experimental procedures or perhaps the unknown use of a different cell line other than the intended MDA-MB-231 cells.[@b89-bctt-7-099],[@b90-bctt-7-099] Nonetheless, the involvement of WAVE3 in invasion and regulation of motility, and its metastatic potential has been demonstrated in numerous studies using several different cancer cell lines.[@b68-bctt-7-099],[@b70-bctt-7-099],[@b85-bctt-7-099]--[@b88-bctt-7-099],[@b91-bctt-7-099]

It is clear that WAVE3 is a critical player in cancer metastasis and a biomarker for progression of breast cancer. More insights into the role of WAVE3 in the development of cancer are detailed in a comprehensive review by Sossey-Alaoui, who has been involved in many of the advances in our understanding of the role of WAVE3.[@b90-bctt-7-099]

Conclusion
==========

With the recognition that WASP/WAVE proteins are intrinsically involved in cell motility through regulation of actin polymerization, there has come the realization that this family could be involved in the motility of cancer cells and their invasive and metastatic potential. There have since been numerous investigations into the role of the WASP/WAVE family proteins in development of cancer. The evidence presented here confirms that WASP/WAVE proteins are linked to the migratory, invasive, and metastatic behavior of numerous cell types, including breast cancer cells, which have been the main focus of this review. A link between WASP/WAVE activity and the clinical outcome for breast cancer patients has also been described. Although recent studies have started to implicate the activators and pathways through which WASP/WAVEs may act to influence the behavior of cancer cells, further studies are required to fully elucidate which of the factors that regulate this family may be responsible for their role in cancer progression. Through doing so, we can target the WASP/WAVE family or the pathways that they are a part of in the hope of controlling the invasive and metastatic cell behavior that they have been implicated in. Many reports have highlighted the potential of targeting the WASP/WAVE family as a therapy for cancer progression, in particular breast cancer. It is important to determine the molecular mechanisms of WASP/WAVE activity and their exact contributions to the stages of cancer progression, thereby opening the door for development of anticancer drugs targeting the WASP/WAVE family and related pathways.
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![Structure and functions of WASP/WAVE family proteins.\
**Notes:** (**A**) Metastatic cascade showing the role of migration and invadopodia in successful invasion, intravasation, and extravasation of the tumor cell from the primary breast tumor to secondary foci, eg, the lung. (**B**) The structure and functional motifs for nWASP and WAVE and the interactions between them. They are related to the functions of both these proteins in the control of the actin cytoskeleton and hence the migratory capacity of cells.](bctt-7-099Fig1){#f1-bctt-7-099}
